Abstract-This paper presents the theoretical investigation and experimental validation of an extrinsic optical fiber bending sensor based on intensity modulation with automatic compensation. The proposed optical fiber bending sensor can measure continuous bending movement in flexion, extension, and lateral directions, simultaneously. The theoretical study is significant in choosing the most suitable parameter values for the sensor so that its sensitivity and working range are applicable for spine monitoring application. The fabricated bending sensor also shows a minimum signal fluctuation due to temperature effect.
these bending sensors can be categorized into strain gauge [7] , ultrasonic sensor [8] , electromagnetic sensor [9] , gyroscope [10] , and passive reflective marker [11] . Most of these sensors are non-invasive, only require minimum human supervision, moderate components cost, no restriction to patient movement, can be made portable and does not require a special room to operate.
Another alternative approach is based on hand-held type such as flexible ruler, inclinometer, two-arm goniometer and spinal wheel [12] . They share some common features, i.e. less expensive, easy handling, as well as manually-operated by a human, thus prone to measurement error and tedious workload for continuous spine monitoring.
In this paper, theoretical investigation of extrinsic optical fibre bending sensor is presented. The sensor uses three output fibres configuration and can be applied to detect the dynamic movement of the spine in sagittal (flexionextension) and frontal (lateral) planes, simultaneously. From the theoretical study, the sensor is fabricated using the most suitable parameter values, which gives an average sensitivity of 0.05/deg. within the bending range of −22 deg. and 22 deg., in both planes. The measured temperature drift of the sensor is 0.35% from the nominal value between 25°C and 65°C.
II. REVIEW ON OPTICAL BENDING SENSOR
In this section, several important bending sensors based on optical fibre technology are discussed. In the case of spine assessment application, the sensors suitability for spine assessment in static posture and dynamic movement may vary. These devices are presented as follows:
A. Static Posture Sensing Devices
Spine postural assessment is important to identify any unusual curves of the spine, to determine the range of motion of the spine and/or to find the potential source location of pain associated to the spine.
The first example is a commercially available curvature sensor known as ShapeTape TM by Measurand Inc. It consists of multiple optical fibre pairs that have been treated on one side to lose light proportional to bending. This sensor has a bipolar characteristic, where the light intensity increases when it bends in one direction and vice versa. By extending the length of the ribbon substrate using 8 fibre pairs, this sensor was applied to whole spine columns to measure the variation in static spine posture during flexion and lifting activities [13] .
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applied by calculating the distance between the light source and the body surface while a camera system is used to collect the scattered light reflection. However, this method suffers from poor light detection by the camera, thus requires multiple high resolution cameras, reflectivity markers and being operated in suitable room light condition.
B. Dynamic Movement Sensing Devices
In opposite to the static spine posture assessment, dynamic movement of spine is applied to check the flexibility movement of the spine, to detect specific movements that may cause back pain and to monitor the daily activities of a patient.
One example of such optical fibre sensor is to use a side-polished fibre configuration. One side of the fibre is removed at multiple points along the fibre to allow light to escape proportional to the bending angle [14] . This configuration allows the fibre to detect the flexion and extension spine bending. In a single fibre configuration, it is not possible to detect the flexion and lateral bending simultaneously.
In another example, an optical fibre goniometer using multimode fibre is applied to measure the bending angle in sagittal plane [15] . This device is composed of a base plate (photodiode) and a flexible rod (infrared LED and polymer fibre). It has a wider working range between −80°(extension) and 40°(flexion) angle.
In addition to the above technologies, there are several other optical fibre bending sensors that have been developed such as using single mode fibre [16] , a fibre bundle [17] and multimode fibre with sensitive teeth [18] . However, to our knowledge, there is no attempt on spine measurement using these devices has been conducted so far. Other techniques such as micro-and macro bending [19] have also been investigated for medical applications, i.e. respiration; but rather not suitable for spine assessment considering the overall size of the sensor using these arrangements.
III. BENDING SENSOR UNDER INVESTIGATION
In this section, the configuration of the proposed optical fibre bending sensor is presented. This sensor uses a single input fibre and three output fibres, being separated at a pre-determined gap. A theoretical representation of the output ratio for bending angle measurement is briefly discussed here and the details are provided in our previous report [20] . In terms of the novelty of this article as compared to our previous work, the effects of the involved parameters, i.e. fibre gap, core diameter, acceptance angle and lateral offset gap; on the output ratio of the corresponding signals are presented in more details via the graphical results and they are compared in a table for better review.
A. Sensor Configuration
The extrinsic bending sensor applied in this investigation is based on the use of one input and three output fibres as shown in Fig. 1 . The fibre is illuminated using a green LED with a peak wavelength of 530 nm and spectral bandwidth of 50 nm. At the receiving fibres, three identical Si-photodiodes with a peak wavelength at 850 nm and spectral range sensitivity between 400 and 1100 nm are applied.
B. Theoretical Equation of the Output Ratio
The theoretical estimation of the bending sensor under investigation is based on the far-field intensity distribution properties of a multimode fibre using a laser [21] , which was later modified by Libo et al. [22] for LED illuminated fibre:
Where:-A i is the core area of the i -th output fibre. L i is the losses in the i -th output fibre. L 0 is the losses in the input fibre. I 0 is the intensity of the light source in the input fibre.
is the intensity at point (x, y, z) of the i -th fibre. ω i (z i ) is the effective radius of the output optical field, and is defined by:
Where:-a 0 is the core radius of the output fibre. θ c is the fibre acceptance angle (i.e. θ c = sin −1 NA/n o ). n o is the refractive index of the medium. (air ∼ = 1.00) ξ = 0.3034 is the coefficient parameter dependent on the light source type and the fibre's numerical aperture (NA).
e − i n j r j is the additional losses parameters in the i -th receiving fibre caused by microbends. This loss was measured by comparing the light intensity difference between unbent and bent fibres. The bent fibre was coiled for n-times, around a rod with radius, r.
Theoretically, if all output fibres are physically identical and are encapsulated together into a single fibre bundle between the sensor probe and the photodetector, they share the same losses and bends effect. From this, we have:
To simultaneously measure the flexion/extension bending and lateral bending, the ratio from selected output fibres are applied as follows:
Where:-R(θ x ) is the output ratio in flexion-extension bending. R(θ y ) is the output ratio in lateral bending.
C. Temperature Effect on Output Intensity
The review in this section is important as a brief explanation on how the temperature factor affects the optical fibre sensor (from light source, photodetector and optical fibre) measurement output, thus highlights the requirement for referencing scheme for the sensor configuration in this investigation. For a typical green GaN LED, the light intensity decreases with the increment in temperature (the effect of peak wavelength shift) while it increases with the increment in forward current [23] . Besides that, the light intensity also degrades over time; i.e.; 2±0.5% drop after 2000 hours of operation [24] . To ensure the light source is suitable for long time sensor measurement, the output intensity drift and fluctuation has to be at the minimum level.
In the case of photodetector, the temperature variation influences the absorption coefficient of the Si-photodiode and affects the dark current (noise) level of the photodiode. It was discussed in [25] that the absorption coefficient was increased with the increment in temperature, in which case leads to a higher output voltage reading. The similar case applied for the photodiode dark current where it was also increased with the temperature increment [26] , thus gives a higher output voltage level at that particular photodiode unit.
Silva-Lopez et. al. has reported the temperature effect on the plastic fibre (via heater block) on the output intensity level [27] . They found that, a change in fibre temperature results in the thermal expansion of the fibre and thus gives a change in the refractive index of the core (thermo-optic effect), owing to the predominant effect of the polymer density change with temperature. It was presented that polymer fibre has a negative thermo-optic coefficient temperature between 18°C-36°C.
IV. RESULTS AND DISCUSSION
The results presented here are divided into two categories; output ratio effect based on theoretical analysis, and laboratory assessment of the bending angle and temperature drift effect. The objective of the theoretical assessment is to study the effects of various parameters contributing to the output ratio. From this, suitable possible parameters values can be applied to the sensor in order to get the best sensor sensitivity and working range for spine monitoring application.
A. Theoretical Assessment
The parameters being investigated are based on output ratio equation of the flexion bending given in (4) and lateral bending (equation (5)). The responses of normalized output at different input-output fibre gap [28] and fibre diameter [29] have been studied using a reflective fibre configuration but only limited to longitudinal displacement application. In this sensor, a different scheme is investigated which is based on fibre tilting angle via transmission mode fibre. In addition, the effects of fibre NA, refractive index of the medium, and fibre lateral offset are also presented. The objective of this study is to investigate the effect of respective parameters on the sensitivity and working range of the proposed sensor. It is also possible to determine the suitable parameters values for the bending sensor aimed for spine monitoring application.
Prior to the theoretical estimation on the effect of the respective parameters, it is important to choose a suitable type of fibre for this application. Several commercially available fibres are compared; (i) Step Index POF (Mitsubishi Rayon; GH4001), (ii) Low NA POF (Leoni; P980/1000 0.3), (iii) High NA POF (Leoni; P980/1000 0.6) (iv) Graded Index POF (Optimedia; SE100) and (v) Polymer Clad Silica (Leoni -K200/230). As shown in Fig. 2 , a standard PMMA fibre with 0.5 NA and core radius 0.49, the output ratio has linear section between 0°and 13°with a sensitivity of 0.050/deg. As for the high NA fibre, the sensitivity is slightly higher at 0.060/deg., but with a limited linear range (up to 8°). In the case of a low NA fibre, the output ratio sensitivity is less than the other fibres at only 0.039/deg. For these reasons, a standard PMMA fibre is selected for this sensor configuration. Different core radius produces a different bending response characteristic as shown in Fig. 3 . For estimation purpose, only the change in core radius is provided, and other correlated parameters are assumed fix. Using this configuration, a standard PMMA fibre has a bending sensitivity of 0.050/deg., while the decrement in core radius eventually increases the sensitivity; i.e. 0.082/deg. and 0.186/deg. for core radius of 0.40 mm and 0.30 mm respectively.
Another important aspect is the acceptance angle of the fibre. In this case, the intensity of the light collected by the fibre is dependent on the difference in the refractive index of the fibre core and the medium's. For example, in the case of two PMMA fibres with NA 0.5 using air as a medium, the resultant NA/no is 0.5. However, if the same fibre pair is joined together using water medium (refractive index of 1.33), the NA/no becomes 0.375. As shown in Fig. 4 , a lower NA/no ratio gradually reduces the output ratio sensitivity, i.e. from 0.059/deg. to 0.036/deg.
The fibre gap factor has been discussed in our previous work [20] , but it is highlighted here to show the overall effects of all contributing parameters for the proposed compensation technique aimed for bending sensor application. The gap range used for the theoretical estimation is between 0.2 and 1.2 mm. As illustrated in Fig. 5 , gap values smaller than 0.5 mm have a lower sensitivity but better working range (linear response). Meanwhile, gap increment eventually increases the sensitivity but at the same time reduces the working range of the sensor.
Finally, the effects of lateral offset on the output ratio in flexion (Fig. 6 ) and lateral bending (Fig. 7) are presented. In Fig. 6 , it is shown that the lateral offset misalignment between the input and output fibres does not affect the output ratio in flexion bending. On the other hand, this factor is quite significant in the lateral bending case, where a slight offset results in different response characteristic. Figure 8 illustrates the fibres positions at two different lateral offset conditions.
The overall summary of the value of the paramaters for each theoretical assessment and their effect on the sensor's sensitivity and working range is presented in Table I .
B. Measurement Results
From the theoretical investigation presented above, the suitable parameters values are, i.e. core radius, a = 0.49; gap, l = 0.5 mm; NA/no = 0.5, and centralized input-output fibre arrangement (x 1 = 0.289 mm; x 3 = 0.577 mm). Due to the scope limitation and the objective of this article, the experimental procedure is not covered here and it is available in [20] . The typical range of motion of human lumbar spine is presented in Table II [30] , which serves as the reference for the accuracy and working range of the proposed sensor.
The laboratory measurements of the bending angle and the temperature drift assessments are carried using the experimental setup as shown in Fig. 11 . The measured bending angle is compared with the theoretical estimation and presented in Fig. 9 and 10 for flexion-extension and lateral bending, respectively. Both measurements were repeated for at least 5 times and the error bars (uncertainty) are also provided in their respective graphs. The measurement results have good correlation with the theoretical estimation, producing correlation coefficient values, R flex = 0.998 and R lat = 0.996.
Finally, to show the capability of the sensor to compensate for the intensity variation due to temperature increment, the bending sensor system is subsequently increased from the ambient temperature to around 65°C using a portable heater, while the sensor is in a straight position. After each heating process, the temperature was reduced to standard room temperature for about 3 minutes using a cooling fan. As shown in Fig. 12 , the output ratio fluctuates at about 0.35% from its nominal value, but this is considerably smaller as compared to 7.6% for the case without intensity referencing [31] .
In this work, the proposed extrinsic optical fibre bending sensor was placed on a self-made bending apparatus [20] and cross-checked with a two-arm goniometer. However, for actual spine measurement on human subjects, various approaches can be implemented as reported by Dziuda [19] , such as via belts, special garment, at the back of a chair, under the bed, pneumatic cushion or directly affixed to the body. The suitability of the mounting techniques for the target spine application will depend on the patient comfort, easy sensor placement, suitable for long term and applicable for clinical environment. As far as LBP problem is concerned, the sensor will be attached between the sacrum (S1) and the third lumbar segment (L3) because these are the commonly reported pain areas among patients with LBP indications [32] .
V. CONCLUSION
The proposed extrinsic optical fibre bending sensor is aimed for continuous spine monitoring in sagittal and frontal planes. In the theoretical part, the effect of related parameters on the sensor performance was investigated, including fibre core radius, numerical aperture, fibre gap, input-output fibre lateral offset, and refractive index of the medium. From the obtained theoretical results, the optical fibre sensor was fabricated and applied to measure bending angle. The experimental work shows a good bending response correlation with the theoretical calculation. The theoretical and experimental findings can be extended to develop a device for continuous assessment of patient with LBP or daily patient movement. 
